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Life  tests  of  direct  methanol  fuel  cells  (DMFC)  were  carried  out  with  three  individual  single  cells  at  a  current 
density  of  100  mA  cm-2  for  three  different  times  under  ambient  pressure  and  at  a  cell  temperature  of  60  °C. 
X-ray  diffraction  (XRD)  and  X-ray  photoelectron  spectra  (XPS)  were  used  to  characterize  the  anodic  PtRu 
catalysts  before  and  after  the  life  tests.  XRD  results  showed  that  the  particle  sizes  of  anodic  catalysts 
increased  from  an  original  value  of  2.8  to  3.0,  3.2,  and  3.3  nm,  whereas  their  lattice  parameters  first 
increased  and  then  decreased  from  an  original  value  of  3.8761  to  3.8879,  3.8777,  and  3.8739  A  before  and 
after  117,  210,  and  312  working  hours,  respectively.  XPS  results  indicated  that  during  cells’  working  the 
contents  of  Pt  and  Ru  oxides  in  anodic  catalysts  increased,  but  the  metal  content  gradually  decreased  with 
test  times.  Polarization  curves,  power  density  curves,  and  in  situ  CO-stripping  cyclic  voltammetric  (CV) 
curves  were  also  plotted  to  evaluate  the  performances  of  fuel  cells  and  electrochemically  active  surface 
areas  (SEas)  of  anodic  catalysts  before  and  after  life  tests.  After  different  time  tests,  the  performances  of 
DMFC  lowered  to  different  extents  and  could  not  recover  their  initial  performances.  The  SE as  of  anodic 
catalyst  decreased  slightly  by  4.78  and  9.03  m2  g-1  after  117  and  312  working  hours,  respectively.  The 
utilization  of  anodic  catalysts  lowered  slightly.  This  indicates  that  the  change  of  (SEAs)  and  utilization  of 
anodic  catalysts  are  not  the  main  factors  affecting  the  performance  degradation  of  DMFC.  The  dissolution 
of  Ru  metal  from  anodic  catalysts  surface  could  be  one  of  the  main  factors  for  the  performance  degradation 
of  the  PtRu  black  catalyst. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFC)  are  attractive  for  several 
applications  in  view  of  their  lower  weight  and  volume  compared 
with  indirect  fuel  cells  [1].  Investigations  of  DMFC  are  mainly 
focused  on  the  catalysts  [2,3],  methanol  crossover  [4-6],  carbon 
support  [7,8],  Nafion  modification  [9],  the  optimization  of  gas  elec¬ 
trode  layer  [10],  and  so  on  in  the  past  decades.  Significant  advances 
have  been  made  for  DMFC  developments  [11-13].  But,  at  present, 
their  performance  cannot  meet  the  demand  of  DMFC  commercial¬ 
ization.  In  addition,  the  cost  of  DMFC  is  still  high  because  of  the 
expensive  noble  metals  of  Pt  and  Ru  used  as  catalysts  in  cathodes 
and  anodes.  The  resource  of  platinum  is  limited,  and  that  of  ruthe¬ 
nium  is  very  rare,  limiting  the  commercialization  of  DMFC  as  well. 
Hence,  it  is  very  worth  enhancing  the  activity  and  prolonging  the 
life  of  catalysts  for  DMFC  and  lowering  the  cost  of  DMFC  by  using 
new  techniques.  The  performance  degradation  rates  of  DMFC,  gen¬ 
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erally  higher  than  that  of  hydrogen  PEMFC,  are  typically  in  the  range 
of  10-25  pA/h-1  [14].  The  commercialization  of  DMFC  demands  a 
stable  operation  for  at  least  thousands  of  hours,  e.g.  5000-40,000  h 
usually  required  for  fuel  cell  vehicles  and  residential  power  gener¬ 
ators,  which  is  not  easy  to  achieve  [15].  Most  of  the  fundamental 
mechanisms  determining  the  life  of  DMFC  are  poorly  understood, 
such  as  membrane  electrode  assembly  (MEA)  failure  mechanisms 
including  the  growth  and  corrosion  of  catalytic  particles  resulting 
in  compositional  changes,  poisoning  of  electrocatalysts  by  accumu¬ 
lated  intermediates  from  methanol  electro-oxidation  or  impurities, 
the  aging  of  polymer  electrolyte  membrane,  and  changes  in  the 
hydrophobic/hydrophilic  properties  in  the  catalyst  layers  and  dif¬ 
fusion  layers  [16,17].  Preliminary  research  results  indicated  that 
the  electrocatalysts’  stability  plays  an  important  role  in  the  long¬ 
term  operation  of  fuel  cells  [18].  The  degradation  of  catalysts  in 
DMFC  proceeds  gradually,  and  its  degree  is  time-dependent.  DMFC 
cathodes  operate  in  a  more  corrosive  environment  of  high  water 
content,  low  pH  value  (<1),  high  temperature  (50-90  °C),  and  high 
potentials  (0.6-1.2  V)  coupled  with  operating  oxygen  partial  pres¬ 
sures  [  19].  The  carbon  support  can  also  be  oxidized  in  the  case  of  fuel 
starvation  [14].  So,  the  agglomeration  and  dissolution  of  the  catalyst 
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in  cathodes  are  more  serious  than  that  in  anodes.  Some  research 
results  showed,  however,  that  the  agglomeration  of  catalyst  in 
anodes  is  more  serious  than  that  in  cathodes,  because  methanol 
might  be  more  aggressive  towards  the  catalyst  than  water  produced 
in  DMFC  [20].  With  respect  to  the  agglomeration  of  catalysts,  there 
are  two  mechanisms  for  particle  size  growth,  i.e.  Ostwald  ripening 
and  coalescence  [21-25].  Although  coalescence  has  been  reported 
to  be  insignificant  for  carbon  supported  catalysts  at  temperatures 
below  500  °C,  or  in  a  gas  phase  [22],  this  may  not  be  the  case  with 
DMFC  where  metal  black  catalysts  are  typically  used.  The  primary 
growth  mechanism,  i.e.  Ostwald  ripening,  would  be  expected  to  be 
more  serious  at  the  cathode  [24].  However,  the  aging  intrinsical 
mechanism  of  anodic  catalysts  is  not  clear,  the  changing  character¬ 
istics  of  PtRu  with  time  during  DMFC  operation  are  not  discussed 
in  detail  yet.  It  is  necessary  to  explore  the  aging  regularity  and  its 
mechanism  for  anodic  catalysts  at  different  periods  of  time.  In  the 
present  paper,  we  carry  out  the  short-term  life  tests  of  DMFC  of 
117,  210,  and  312  h,  respectively,  with  three  single  DMFC  operated 
at  60  °C  using  Johnson  Matthey  unsupported  Pt  and  PtRu  cata¬ 
lysts.  Electrochemical  characterizations  of  anodic  catalysts  were 
performed,  the  results  of  X-ray  diffraction  (XRD)  and  X-ray  photo¬ 
electron  spectra  (XPS)  characterizations  obtained  prior  to  and  after 
tests  were  discussed. 
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Fig.  1.  Schematics  of  fuel  cell  set-up  including  alteration  for  CV  measurements.  For 
CO  stripping,  methanol  solution  at  the  anode  was  purged  with  humidified  N2  for 
10  min,  and  then  nitrogen  was  replaced  with  CO  for  15  min,  and  again  nitrogen  was 
used  to  scavenge  the  residual  CO  in  the  chamber.  The  original  anode  became  the 
working  electrode  and  air  at  the  cathode  was  purged  with  N2  for  10  min,  and  then 
N2  was  replaced  with  humidified  H2.  The  cathode  became  the  counter/ reference 
electrode. 


2.  Experimental 

2.1.  MEA  preparation 

Johnson  Matthey  Pt  black  and  PtRu  black  (Johnson  Matthey 
Co.)  were  used  as  catalysts  for  the  cathode  and  anode,  respec¬ 
tively.  PtRu  black  and  5wt.%  Nation®  ionomer  solution  (DuPont 
Co.,  EW=1100)  were  mixed  in  isopropanol  alcohol  solution  to 
form  a  homogeneous  catalyst  black  suspension  for  the  anode. 
The  cathodic  catalyst  ink  was  prepared  similarly  with  Pt  black, 
Nation®  ionomer,  and  PTFE  latex.  The  Nation®  contents  in  both 
anodic  and  cathodic  catalyst  layers  were  20  wt.%.  The  catalyst  inks 
were  deposited  onto  the  gas  diffusion  layers  (GDLs)  by  paint  brush 
with  a  metal  loading  of  4  mg  cm-2  for  both  electrodes.  The  carbon 
cloth  (E-TEK,  ELAT/NC/DS/V2  double-sided  ELAT  electrode,  carbon 
only-no  metal,  20%  wet  proofed)  was  used  as  the  GDL  and  back¬ 
ing  layer  for  the  cathode.  The  anodic  GDL  was  prepared  by  using 
spray  painting  method  with  a  carbon  black  of  1  mg  cm-2  and  5% 
Nation®  ionomer  solution  on  the  carbon  paper  (Toray  paper  TGPH 
060).  DuPont  Nation®  117  membrane  was  used  as  the  solid  elec¬ 
trolyte.  Before  being  applied  to  the  electrodes,  the  membrane  was 
pretreated  by  diluted  nitric  acid  (the  ratio  of  nitric  acid/deionized 
water  of  18  ME2  cm  by  volume  is  1 : 1 )  at  its  boiling  temperature  for 
20  min  and  then  rinsed  five  times  with  ultrapure  water.  The  mem¬ 
brane  was  then  immersed  in  the  boiling  ultrapure  water  for  1  h. 
The  membrane  electrode  assembly  was  formed  by  hot-pressing  the 
anodic  and  cathodic  diffusion  layers  onto  the  Nation®  film. 

2.2.  Electrochemical  measurements 
2.2.1.  Single  fuel  cell  tests 

Single  fuel  cell  tests  were  performed  by  using  a  homemade 
5  cm2  apparent  area  test  fixture.  The  fixture  was  composed  of  a 
pair  of  graphite  plates  with  serpentine  flow  fields  for  reactants 
to  flow.  Air  and  methanol  solution  were  used  as  the  reactants. 
The  flow  rate  of  air  is  100  mL  min-1  under  ambient  pressure,  and 
that  of  methanol  solution  is  2.5  mL min-1  with  a  concentration 
of  1.0  mol  L-1  methanol.  Both  reactants  were  not  humidified,  and 
directly  enter  the  cell.  The  cell  temperature  was  60  °C.  Rod-like 
heaters  were  inserted  into  the  plates  to  control  the  cell  tempera¬ 


ture.  Polarization  curves,  power  density  curves,  and  potential-time 
curves  were  obtained  by  using  a  Fuel  Cell  Test  Station  (Scribner 
Associates  Inc.,  Series  890B,  Southern  Pines,  NC,  USA)  in  a  gal- 
vanostatic  mode.  Potential-time  curves  of  the  three  single  cells 
were  plotted  in  a  galvanostatic  mode  with  a  current  density  of 
100  mA  cm-2  for  117,  210,  and  312  h,  respectively.  To  ensure  that 
the  electrolyte  in  the  Nation  membrane  and  electrode  is  moist 
enough  to  have  high  ionic  conductivity,  it  is  necessary  to  activate 
the  MEA  before  the  performance  measurements.  In  our  experiment, 
the  single  cells  were  conditioned  with  ultrapure  water  and  air  at 
60  °C  for  5  h.  After  conditioning,  ultrapure  water  was  replaced  with 
methanol  solution  of  1.0  mol  L-1  for  24  h  in  a  galvanostatic  mode 
with  a  current  density  of  10  mAcrn-2  prior  to  the  acquisition  of  life 
data.  The  cell  voltage  gradually  increases  with  time  during  condi¬ 
tioning. 


Fig.  2.  Life  tests  of  DMFC  by  using  three  single  cells  with  an  apparent  cross- 
sectional  area  of  5  cm2  for  different  times.  Anodic  catalyst:  PtRu  black,  metal  loading 
4  mg  cm-2.  Cathodic  catalyst:  Pt  black,  metal  loading  4  mg  cm-2.  Operating  con¬ 
ditions:  60 °C,  100 mAcm-2.  Anodic  feed:  1.0 mol L-1  CH3OH  solution  with  a  flow 
rate  of  2.5  mL  min-1.  Cathodic  feed:  air  at  ambient  pressure  with  a  flow  rate  of 
lOOmLmin-1. 
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Fig.  3.  Performances  of  three  single  DMFC  before  and  after  different  test  times.  Temperature:  60  °C.  Anodic  feed:  1  molL-1  CH3OH  solution  with  a  flow  rate  of  2.5  mLmin-1; 
cathode  feed:  air  at  ambient  pressure  with  a  flow  rate  of  100  mLmin-1. 


2.2.2.  Cyclic  voltammetry  (CV) 

Cyclic  voltammograms  were  obtained  by  using  a  PAR  poten- 
tiostat/galvanostat  (EG&G  Model  273A)  at  a  cell  temperature  of 
25  °C.  Fig.  1  shows  a  scheme  of  the  experimental  set-up  for  fuel 
cell  testing  and  in  situ  cyclic  voltammetric  measurements.  Elec- 
trochemically  active  surface  areas  (5Eas)  of  anodic  catalysts  were 
determined  by  CO-stripping  measurement.  For  this,  the  fuel  cell 
cathode  was  served  as  both  reference  (defined  as  a  dynamic  hydro¬ 
gen  electrode  (DHE))  and  counter  electrodes  by  first  purging  the 
cathode  with  nitrogen  for  10  min,  and  then  switching  to  humidi¬ 
fied  hydrogen  at  a  flow  rate  of  100  mLmin-1  and  ambient  pressure. 
The  anode  was  taken  as  a  working  electrode,  and  first  was  purged 
with  nitrogen  for  10  min,  and  then  replaced  with  CO  for  15  min,  and 
purged  again  with  nitrogen  to  the  chamber  for  10  min.  The  poten¬ 
tial  was  scanned  at  a  rate  of  0.02  V  s-1  between  0.05  and  1.2  V.  The 
integrated  peak  area  of  CO  electro-oxidation  was  used  to  calculate 


the  Seas  of  anodic  catalyst.  All  potential  values  reported  in  this  work 
are  versus  DHE. 

2.3.  Characterization  of  physical  properties 

After  electrochemical  testing,  the  MEA  was  carefully  removed 
from  the  cell.  The  anodes  GDLs  were  separated  from  the  MEAs  at 
different  test  times.  The  membranes  with  catalyst  layers  were  cut 
into  smaller  pieces  for  the  subsequent  analysis  by  XRD  and  XPS. 

2.3.1.  X-ray  diffraction  (XRD) 

XRD  measurements  for  the  catalyzed  GDL  were  made  with 
a  Rigaku  Ultima  III  X-ray  diffractometer  system  (Rigaku  MSC, 
Woodlands,  TX)  using  a  graphite  crystal  counter  monochromator 
that  filtered  Cu  Kp  radiation.  The  X-ray  source  was  operated  at  40  kV 
and  40  mA.  The  patterns,  recorded  in  a  20  range  of  20-140°,  were 


Table  1 

Maximum  power  densities  (MPD),  voltages,  and  current  densities  at  MPD  of  the  membrane  electrode  assemblies  before  and  after  different  test  times 


Membrane 

electrode 

assembly 

117  h 

210  h 

312  h 

Before 

After 

Before 

After 

Before 

After 

Current  density  at 

200 

170 

210 

180 

240 

200 

MPD  (mAcm-2) 

Decrease 

30 

30 

40 

(mAcm-2) 

Voltage  at  MPD  (V) 

0.345 

0.307 

0.355 

0.309 

0.34 

0.285 

Decrease  (mV) 

38 

46 

55 

MPD  (mWcm-2) 

69.0 

52.2 

74.5 

55.7 

81.5 

57.0 

Decrease 

16.8 

18.8 

24.5 

(mWcm-2) 

Changing  rate  (%) 

24.3 

25.2 

30.1 
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Fig.  4.  CO-stripping  test  of  anodic  catalysts  before  and  after  different  times.  Temperature:  25  °C.  (a)  117  h;  (b)  210  h;  (c)  312  h. 


obtained  using  high  precision  and  high  resolution  parallel  beam 
geometry  in  a  step  scanning  mode  of  1  deg  min-1 .  The  identification 
of  phases  was  made  by  referring  to  the  joint  committee  on  pow¬ 
der  diffraction  standards  international  center  for  diffraction  data 
(JCPDS-ICDD)  database.  Lattice  parameters  and  crystallite  sizes 
were  calculated  using  Jade  7  Plus  software  (Rigaku).  Grain  sizes 
were  determined  from  the  Scherrer  equation  using  the  Pseudo- 
Voigt  profile  function. 


angle  of  45°  at  a  chamber  pressure  below  5  x  10_9Pa.  The  C  Is 
electron  binding  energy  was  referenced  at  284.6  eV,  and  a  non¬ 
linear  least-squares  curve-fitting  program  was  employed  with  a 
Gaussian-Lorentzian  production  function  [26,27].  The  deconvolu¬ 
tion  of  the  XPS  spectra  was  achieved  with  the  reported  procedures 
[28-32]. 

3.  Results  and  discussion 


2.3.2.  X-ray  photoelectron  spectrometry  (XPS) 

XPS  study  of  surface  composition  involved  a  special  X-ray  pho¬ 
toelectron  spectrometer  (VG  ESCALAB  MKII)  with  the  Al  Ka  X-ray 
source  of  1486.6  eV,  which  recorded  the  spectra  from  the  takeoff- 


The  life  tests  of  three  single  cells  were  carried  out  at  a  cell 
temperature  of  60  °C  at  100  mA cm-2.  As  shown  in  Fig.  2,  during 
each  continuous  discharge  process,  the  majority  of  voltage  losses 
occur  in  the  first  few  hours  and  then  its  decline  becomes  less  sig- 


Table  2 

Different  parameters  of  anodic  catalysts  before  and  after  different  test  times 

Working  times  (h)  117  210  312 

Before  After  Before  After  Before  After 


Peak  potential  for  CO  oxidation  (V) 

SEAs(m2  g”1) 

Onset  potential  for  CO  oxidation 
Seas  changing  (m2  g-1) 

Changing  rate  (%) 

dxRD  (nm) 

dXRD  changing  (nm) 

Sxrd  (m2  g-1) 

SXrd  changing  (m2  g-1) 

Changing  rate  (%) 

Utilization  of  catalysts  (%) 

Lattice  parameters  (A) 


0.649 

0.650 

39.97 

35.19 

0.506 

4.78 

0.508 

12.0 

2.8 

0.2 

3.0 

109.9 

7.3 

102.6 

6.6 

36.4 

34.3 

3.8761 

3.8879 

0.655 

0.690 

42.52 

35.74 

0.503 

6.78 

0.499 

15.9 

2.8 

0.4 

3.2 

109.9 

13.7 

96.2 

12.5 

38.7 

37.2 

3.  8761 

3.8777 

0.689 

0.744 

49.52 

40.49 

0.484 

9.03 

0.483 

18.2 

2.8 

0.5 

3.3 

109.9 

16.7 

93.2 

15.2 

45.1 

43.4 

3.8761 

3.8739 
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nificant.  The  initial  rapid  performance  loss  was  attributed  to  the 
non-equilibrium  state  among  ruthenium  oxides  [33,34].  During 
the  life  tests,  continuous  discharges  were  interrupted  by  refill¬ 
ing  the  methanol  solution,  resulting  in  the  performance  recovery 
of  DMFC  to  nearly  the  initial  values  for  the  next  discharge.  The 
recovery  should  be  attributed  to  the  oxidation  purge  of  methanol 
crossover  from  anode  to  cathode.  The  over-potential  of  the  cathode 
is  very  high,  when  the  DMFC  is  working.  Therefore,  the  methanol 
from  anode  is  not  entirely  oxidized  at  the  cathode.  The  methanol 
and/or  intermediates  of  its  oxidation  can  be  accumulated  in  the 
cathode,  which  slowly  poison  the  Pt  catalyst  and  gradually  dete¬ 
riorate  the  performance  of  DMFC.  The  potential  of  cathode  is 
very  high  when  the  DMFC  stopped  working,  and  the  accumulated 
methanol/intermediates  are  entirely  oxidized.  It  causes  that  the 
performance  of  DMFC  recovers  nearly  to  the  initial  value  when  it 
is  started  again.  During  the  whole  test  process,  the  cell  voltages 
decrease  with  test  time,  there  is  a  slow  performance  loss  that  is 
irrecoverable,  which  might  relate  to  the  degradation  of  catalysts, 
the  dissolution  of  Nation®  solution  in  the  catalyst  layers  [35],  and 
the  aging  of  polymer  electrolyte  membrane  [17].  The  voltage  decay 
rates  of  DMFC  are  about  0.4, 0.22,  and  0.07  mVh-1  during  the  tests 
for  117,  210,  and  312  h,  respectively.  It  can  be  seen  that  the  voltage 
decay  rates  decrease  evidently  with  time.  Though,  the  decay  rate 
for  312  h  is  already  close  to  that  for  commercialization  demands 
(within  a  range  of  10-25  pV  h- 1 )  of  DMFC.  It  is  still  by  three  to  seven 
times  greater  than  that  of  the  demands  [14].  It  is  quite  necessary  to 
do  hard  works  to  prolong  the  operating  life  of  DMFC. 

The  cell  performances  before  and  after  the  life  tests  were  com¬ 
pared  by  polarization  and  power  density  curves  of  the  three  single 
cells  recorded  at  a  temperature  of  60  °C  with  cathodes  fed  with  air 
under  ambient  pressure  as  shown  in  Fig.  3.  The  cell  performances 
have  different  extents  of  decay  with  test  time.  Their  correlative  data 
are  listed  in  Table  1.  Compared  with  the  cell  performances  before 
tests,  it  can  be  seen  that  the  maximum  power  densities  (MPD)  of 
DMFC  drop  24.3,  25.2,  and  30.1%  after  a  test  time  of  117,  210,  and 
312  h,  respectively.  The  current  densities  and  potentials,  at  which 
the  MPD  occur,  also  drop  with  test  times.  The  loss  of  cell  voltage  at 
which  MPD  occurs  has  the  highest  value  of  approximately  55  mV 
after  the  life  test  of  312  h.  Its  loss  of  power  density  at  a  cell  voltage  of 
0.4  V  is  also  the  highest,  about  39.2%.  Furthermore,  the  decrements 
of  the  cell  voltages  after  life  tests  at  the  same  current  densities 
increase  with  increasing  of  current  densities  during  the  life  tests  as 
shown  in  Fig.  3,  compared  with  those  before  the  tests. 


Fig.  4  shows  CO  adsorption-oxidation  curves  in  anodes  before 
and  after  the  life  tests  for  different  times.  The  onset  poten¬ 
tials  and  peak  potentials  of  CO  adsorption-oxidation  are  listed 
in  Table  2.  It  can  be  seen  from  Fig.  4  that  the  hydrogen  region 
peaks  are  almost  completely  suppressed  in  the  first  scan-cycle,  as 
CO  molecules  were  adsorbed  onto  the  catalyst,  which  restrained 
the  hydrogen-desorption.  After  the  life  test,  the  onset  potentials 
and  peak  potentials  of  CO  adsorption-oxidation  are  shifted  to  a 
higher  potential  as  presented  in  Table  2.  Generally,  the  change  in 
the  catalyst  composition  manifests  itself  more  remarkably  for  the 
CO-stripping  curves  [36].  This  result  indicates  that  Ru  metal  is  dis¬ 
solved  from  the  catalyst  during  the  operation,  and  the  loss  of  Ru 
metal  increases  with  the  test  time. 

The  electrochemically  active  surface  area  (SEAs),  which  reflects 
the  intrinsic  electrocatalytic  activity  of  a  catalyst,  is  calculated  with 
the  recognized  method  based  on  the  CO-stripping  voltammetry 
curve  [37,38],  through  Eq.  (1 )  as  follows: 


Seas  = 


Qi 

G  x  Qco 
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Fig.  5.  XRD  patterns  of  anodic  catalysts  before  and  after  different  test  times. 


Fig.  6.  XPS  core  level  spectra  of  anodic  catalyst  before  life  test. 
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Fig.  7.  XPS  core  level  spectra  of  anodic  catalyst  after  different  test  times  Pt  4f  after  117  h;  (b)  Ru  3p  after  117  h;  (c)  Pt  4f  after  210  h;  (d)  Ru  3p  after  210  h;  (e)  Pt  4f  after  312  h; 
(f)  Ru  3p  after  312  h. 


where  Q.i  is  the  charge  quantity  calculated  from  integrated  in  CV 
curves  for  CO  desorption  electro-oxidation  in  microcoulomb  (|xC), 
and  Qco  is  the  charge  required  to  oxidize  a  monolayer  of  CO  on 
the  alloy  catalyst  of  420  (|jiCcnrr2)  [39],  and  G  represents  the  total 
metal  loading  (mg)  in  the  electrodes. 

The  Seas  calculations  of  anodic  catalysts  are  listed  in  Table  2.  The 
SEas  of  anodic  catalysts  decrease  with  time.  The  SE as  loss  after  test 
times  of  117, 210,  and  312  h  are  by  12.0, 15.9,  and  18.2%,  respectively. 
The  increments  in  loss  decrease  with  time.  However,  the  changes  of 
Seas  are  evident,  the  variations  of  catalysts’  utilization  (SEas/Sxrd) 
for  anodes  are  almost  the  same,  by  about  1  -2%  before  and  after  the 
life  tests  as  presented  in  Table  2.  Those  results  are  in  good  agree¬ 


ment  with  our  previous  work  [40].  The  results  also  indicate  that  the 
‘triple-phase  boundaries’  where  the  electrolyte,  reaction  materi¬ 
als,  and  electrically  connected  catalyst  particles  contact  together  in 
anodes,  are  not  markedly  decreasing  after  the  life  tests.  Namely,  the 
performance  decays  of  DMFC  due  to  the  aging  of  anodic  catalysts 
are  insignificant. 

After  the  single  cell  tests,  the  used  MEAs  were  separated  care¬ 
fully  and  cut  into  small  pieces  for  further  analysis.  XRD  patterns  of 
anodes  were  shown  in  Fig.  5. 

The  diffraction  peaks  at  26°  observed  for  anodes  can  be 
attributed  to  the  hexagonal  graphite  structures  (0  02)  of  the  car¬ 
bon  black  remaining  on  the  catalyst  layer  after  peeling  off  from 
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Table  3 

Surface  contents  of  Pt  and  Ru  metal,  and  their  oxide  in  anodic  catalysts  before  and 
after  different  test  times 


the  GDLs.  The  PtRu  black  has  a  face-centered  cubic  (fee)  structure 
showing  the  major  peaks  of  (1  1  1),  (2  0  0),  (2  2  0),  (31  1),  (2  2  2), 
and  (40  0).  The  mean  particle  sizes  and  lattice  parameters  of  the 
catalysts  before  and  after  life  tests  were  calculated  from  XRD  pat¬ 
terns  by  using  JADE  software.  Their  results  are  listed  in  Table  2.  It 
can  be  seen  from  Table  2  that  the  particle  sizes  and  lattice  parame¬ 
ters  of  anodic  catalysts  grow  from  an  initial  value  of  2.8  to  3.0,  3.2, 
and  3.3  nm,  and  from  an  initial  value  of  3.8761  to  3.8879,  3.8777, 
and  3.8739  A  before  and  after  117,  210,  and  312  h  of  tests,  respec¬ 
tively.  The  slow  sintering  rate  of  the  anodic  catalysts  may  be  due 
to  the  relative  low  over-potential  and  oxygen  concentration  for 
anodes  during  their  operation.  This  is  consistent  with  Xin’s  result 
[17].  Yi  and  coworkers  [20]  thought  that  methanol  might  be  more 
aggressive  towards  electrocatalysts  than  water.  However,  the  effect 
of  methanol  on  the  aging  of  anodic  catalysts  is  weak  in  our  work. 
Although  small  unsupported  Pt  particles  are  unstable  in  an  electro¬ 
chemical  environment  due  to  sintering  during  the  operation  [41  ], 
the  growth  rate  of  anodic  catalysts  with  smaller  particle  size  are 
relatively  small  with  test  time  in  the  present  work.  In  addition,  the 
lattice  parameter  of  the  PtRu  alloy  catalyst  increases  due  to  the 
oxidation,  dissolution,  and  separation  of  Ru  metal  atoms  in  the  Pt 
crystalline  lattices,  which  make  the  molar  ratio  of  Pt  and  Ru  in  PtRu 
alloy  deviate  from  the  nominal  value  of  1 : 1.  This  result  is  consistent 
with  that  of  CO-stripping  curves  for  anodes.  So,  the  onset  potential 
and  peak  potential  of  CO  electro-oxidation  are  shifted  to  positive 
potential  after  the  life  test  as  shown  in  Table  2. 

The  specific  surface  area  of  catalysts  (denoted  as  Sxrd)  calculated 
from  XRD  patterns  are  also  listed  in  Table  2.  The  SXrd  of  anodic  cat¬ 
alyst  decreases  with  time.  Compared  with  the  SEA s,  the  loss  rate  of 
Sxrd  is  smaller  than  that  of  the  SEA s-  This  interprets  that  it  might  be 
other  factors,  such  as  the  dissolution  of  Nation®  ionomer  reducing 
the  SEAS  besides  the  agglomeration  of  anodic  catalyst.  The  Nation 
with  catalyst  particles  in  it  desquamates  and/or  dissolves  in  the 
catalyst  layer  due  to  their  growth,  thus  results  in  the  decreasing  of 
the  proton  conduction  paths  and  ‘triple-phase  boundaries’,  and  the 
SEAS  loss  is  relatively  high. 

Figs.  6  and  7  present  that  the  curve-fitted  Pt  4f  XPS  and  Ru  3d 
spectra  of  PtRu  black  anodic  catalysts  before  and  after  different  test 
times,  respectively.  The  oxidation  states  of  Pt,  Ru,  and  their  relative 
amounts  obtained  from  XPS  measurements  are  listed  in  Table  3. 

The  metal  contents  of  Pt  and  Ru  in  PtRu  black  decrease  after 
the  life  tests.  The  oxides  content  of  Pt  and  Ru  increase  evidently 
with  test  times  after  the  life  tests.  The  decrease  of  Pt  metal  content 
after  a  test  of  312  h  is  relatively  low,  by  about  7.6%.  Meanwhile,  the 
decrease  of  Ru  metal  content  after  the  test  is  substantially  more,  by 
about  19.8%.  The  similar  results  are  obtained  after  the  tests  of  117 
and  210  h. 

The  increase  of  Pt(II)  oxide  amounts  after  life  tests  are  small. 
Furthermore,  the  Pt(IV)  oxide  amounts  slowly  increase  with  test 
times.  It  is  reasonable  to  expect  that  the  Pt  nanoparticles  during 
the  life  tests  are  not  easily  oxidized,  dissolved  and  then  redeposited 
to  grow  under  the  lower  polarization  potential  and  less  oxygen- 
containing  species  in  anodes  than  those  in  cathodes.  However,  the 
Ru  metal  content  after  the  life  tests  rapidly  decreases  with  test 


times,  and  meanwhile  the  Ru(IV)  oxide  contents  with  test  times 
sharply  increase.  The  relative  peak  area  of  Pt(II),  Pt(IV),  and  Ru(IV) 
for  the  PtRu  anode  alloy  does  not  change  after  the  durability  tests. 
It  can  be  believed  that  the  Ru  metal  in  anodic  PtRu  black  catalyst 
during  its  operation  is  more  easily  oxidized  and  dissolved,  which 
lowers  the  potential  for  Pt  metal  dissolution  and  reduce  the  loss 
of  Pt  metal.  Simultaneously,  the  hydrous  oxide  of  Ru  during  the 
operation  is  in  favor  of  supporting  more  oxygen-containing  (-OH) 
species  and  improving  methanol  electro-oxidation  [42].  These  fac¬ 
tors  make  PtRu  alloy  catalyst  exhibit  a  highly  stable  electrocatalytic 
activity  towards  methanol  electro-oxidation. 

4.  Conclusions 

Life  tests  of  three  single  cells  of  direct  methanol  fuel  cells  were 
carried  out  at  a  current  density  of  100  mA  cm-2  under  ambient 
pressure  and  a  cell  temperature  of  60  °C.  After  the  long  period  of 
operations  and  tests,  the  performances  of  the  DMFC  lowered  to 
different  extents  and  could  not  recover  the  initial  performance. 
The  losses  of  their  initial  maximum  power  densities  increased  with 
their  operation  times.  After  running  for  more  than  several  hundreds 
of  hours,  the  particle  sizes  of  catalysts  augmented  with  test  times. 
The  contents  of  Pt  and  Ru  oxides  in  the  anodic  catalysts  increased, 
and  the  metal  amount  decreased  with  operation  times.  The  exis¬ 
tence  of  Ru  oxide  or  hydroxide  in  the  anodic  catalyst  layer  hinders 
the  dissolution  of  Pt  and  the  agglomeration  of  catalyst  particles.  The 
dissolution  of  Ru  metal  and  the  aging  of  anodic  catalyst  contribut¬ 
ing  to  the  performance  degradation  of  DMFC  are  relatively  small. 
However,  the  dissolution  of  Ru  metal  from  anodic  catalyst  surface 
could  be  one  of  the  main  factors  to  the  performance  degradation  of 
the  PtRu  black  catalyst. 
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